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SUMMARY

Helium injection into the vortex flow generated over the lee side of a half-delta sur-
face was studied in a Mach 2 airstream to determine the effect of angle of attack and in-
jection pressure on jet penetration and spreading. This method of injection into the vor-
tices formed over swept surfaces at angle of attack may have practical use in a super-
sonic combustion ramjet where fuel distribution appears to be a problem.

Angles of attack from 6° to 18° were studied with injection pressures of 15 and 60
psia (103.4 and 413.7 kN/ mz). Concentration contours were obtained at two positions
downstream of the injection orifice, Oil streaks of the flow on the model surface were
photographed and used to determine the position of the vortex with change in angle of
attack.

Penetration and spreading of the injectant were enhanced as the angle of attack was
increased. Increasing injection pressure increased the penetration but had little effect
on spreading for the configuration tested. Maximum penetration occurred at the highest
angle of attack and injection pressure tested, An increase in angle of attack increased
penetration more than did an increase in injection pressure in the vortex region., How-
ever, in line with the injection orifice, injection pressure was more effective in increas-
ing penetration,

INTRODUCTION

The injection, mixing, and efficient combustion of a fuel in a supersonic airstream
remains a crucial problem which may impede the successful development of supersonic
combustion ramjets, In the last several years considerable effort has been directed
toward understanding the behavior of a nonreacting gas injected into a supersonic air-



stream. Several types of injection schemes which have been tried are sonic and super-
sonic injection through a circular hole perpendicular to the free stream (ref. 1), tangen-
tial slot injection (ref. 2), and the injection at an angle to the flow and multiple hole
injection (ref. 3). Regardless of the scheme used, the penetration of the injectant has
been limited, thus restricting engines to small combustor heights or long mixing lengths
to achieve efficient fuel coverage of the flow area. Additional combustor length to accom-
plish the required fuel distribution and mixing can be achieved only at the expense of in-
creased cooling requirements. Thus, injection from struts protruding into the free
stream of a larger cross-section combustor would be a probable solution to the fuel
distribution problem. The efficient design of a combustor would then represent a com -
promise between strut cooling difficulties and drag and the excessive frictional drag and
cooling requirements of high length to diameter ratio combustor passages.

A technique has been employed recently (ref. 4) of injecting gas into the vortex flow
generated over the lee side of a delta wing., The delta wing was studied as a possible
strut configuration. A significant increase in the penetration was obtained with the
delta when compared with that obtained from an unswept flat plate at the same angle of
attack, (Penetration for the delta was measured along a mean vortex line while penetra-
tion for the flat plate was measured directly downstream from the injection orifice.)
Also a twofold increase in lateral spreading was obtained with the delta when compared
with that obtained with the flat plate in reference 4. The improved distribution depended
on the vortex flow formed by the circulation of airflow from the high-pressure windward
side of the delta to the lower pressure lee side. Injection from the lee side resulted in
the gas being carried into the vortex flow and distributed over a greater region than was
obtained with injection in the absence of vortices.

This study was performed to determine the effects of angle of attack and injection
pressure on the penetration and spreading of a gas injected from the lee side of a half -
delta injector.

The half-delia injector used for this study had a nominal 60° sweep back angle and
was varied in angle of attack from 6° to 180. The model was mounted in a Mach 2 air-
stream having a stagnation pressure of 0.92 atmosphere (93. 1 kN/mz) and a stagnation
temperature of 625° R (347 K). Helium was injected from the lee side of the delta at
total pressures of 15 and 60 psia (103.4 and 413.7 kN/mz) and ambient temperature.

SYMBOLS

d injection orifice diameter
p ° injection total pressure

x distance measured from injection orifice parallel to free stream



y distance measured from model surface perpendicular to free stream at any x and
6 position

a angle of attack
vortex separation angle
€ model apex angle ‘
@ angular position measured on model surface

o vortex attachment angle

APPARATUS AND PROCEDURE

Model

The half -delta model used for this study is shown in figure 1. The model had a
sharp leading edge with a sweep back angle of 58. 5% A 0.198-centimeter -diameter in-
jection orifice was located 3. 99-centimeters from the apex on a 14° line from the leading
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Figure 1. - Delta wing injector used for helium injection. (All linear dimensions are in centi-
meters.)



edge. The model was sting mounted from a diamond shaped strut. A 0.318-centimeter-
diameter passage for injectant flow was provided through the strut, sting, and model to the
injection orifice. A half-delta was used because a full delta would not allow the tunnel to
start.

Wind Tunnel Configuration

The injector configuration was mounted through a side wall of a Mach 2 wind tunnel
(fig. 2) and was positioned at angle of attack to the tunnel airflow by rotating the support
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Figure 2. ~ Model location in tunnel at 12° angle of attack. (Al linear dimensions are in centimeters. )



strut, The tunnel had a rectangular cross section of 25,4 by 9., 756 centimeters. Air with
a dewpoint of 244 K was heated to 347 K and allowed to flow through the tunnel at a stagna-
tion pressure of 0, 92 atmosphere (93. 1 kN /mz)._ The model was located outside of both
the top and side wall tunnel boundary layers. Shock waves generated by the model sur-
faces reflected from the boundary layer downstream of the model trailing edge.

Vortex Visualization

In order to determine the behavior of the vortex flow over the lee side of the delta, a
mixture of lampblack and linseed oil was painted on the top surface, and the resulting flow
pattern photographed. Oil streaks were obtained at angles of attack of 60, 90, 120, and

15°, with the injection orifice plugged, and at 12° and 18°, with injectant flow.

Helium Sampling

The method of helium injection and detection was essentially the same as that de-
scribed in reference 4. A schematic of the injection system is shown in figure 3(a).
Helium was injected normal to the model surface at total pressures P of 15 and 60 psia
(103.4 and 413.7 kN/m ) at ambient temperature. Two probes with 1dentica1 tip configura-
tions were used to sample the helium-air mixtures (fig. 3(b)); the difference in the probes
was the distance from the tip to the rotation axis. The gas sample was fed into an on-
line helium detection system (fig. 3(c)). The helium concentration output was displayed on
an x-y plotter, Calibration with known mixtures of helium determined the output to be
linear with helium concentration, and the reproducibility to be +5 percent at full scale
(i.e., 100 percent helium).

Measurement Locations

Helium concentration measurements were taken from the model surface upward until
helium was no longer detected. Traverses were made at various angular positions, at
two downstream locations, for five angles of attack. Two injection pressures were used.

In order to facilitate lateral positioning of the probe, lines were scribed on the delta
top surface at angular positions 8 in 5° increments (fig. 4). The arcs resulting from
probe rotations are depicted in the top view schematic and are labeled x-station 1 and
x-gtation 2. The x-coordinate was measured parallel to the tunnel free-stream flow
direction, with the origin at the center of the injection orifice, The probe was moved in
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Figure 3. - Gas sampling apparatus.
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Figure 4. - Schematic of model rotation and probe measurement stations.

the y direction, normal to the free-stream direction, by means of an actuator that was
calibrated in 0. 001-inch (0. 00254-cm) divisions. For any x and 6 position, y= 0 was
at the model surface,

The position change in the model with angle of attack change is shown in the edge view
schematic of figure 4. Concentration measurements were obtained at 60, 100, 120, 140,
and 18° angles of attack. Since the model axis of rotation was located behind the trailing
edge, the distance from the injection orifice to the probe changed with each angle of
attack. A table of x/d values for various probe positions is included in figure 4. Also,
the angular position 6, at which the probe arcs intersect a line drawn straight down-
stream from the orifice, changed with angle of attack,



RESULTS AND DISCUSSION
Vortex Location

The vortex flow pattern on the model surface is shown for o = 15° and 18° in the

¢ oil-streak photographs in figure 5(a). For « = 15° with the injection orifice plugged, the
primary vortex attachment line was clearly visible to the left of the injection orifice. The
boundary -layer separation line was also visible closer to the leading edge, and the typical
cross-flow pattern between the attachment and separation lines was observed. The dark
smear region in the lower right hand corner was caused by surface flow reversal when
the tunnel was shut down, For « = 18° with 15-psia (103. 4—kN/m2) helium injection, the
same flow characteristics were observed upstream of the injection orifice. To the left
and downstream of the orifice, however, two dark cross model flow patterns due to in-
jection were present. This behavior was also néted at o= 12° with injection. In the
downstream right hand region a very distinct curved line indicated leading edge flow

Angle of attack, 15°; no injection - . Angle of attack, 18°; 15-psia (103, 4-kN/m) injection
(a} Oil streak photographs.

Figure 5. - Determination of vortex position on model surface.
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separation, which altered the flow behavior over the model at x-station 2. This separation
was noted only at o = 18°. The total angle of attack to the flow of the bottom surface of
the model was 26° (18° plus 8° wedge angle). The two-dimensional wedge shock separa-
tion angle is 23°. Schlieren observation, however, showed that the compression shock
was still attached to the apex of the model. Thus the swept leading edge apparently de-
layed shock detachment and did not cause leading-edge separation until approximately
two-thirds of the distance along the leading edge. Concentration measurements at x-
station 1 were upstream of this flow separation and appeared to be unaffected.
Measurements of the attachment and boundary-layer separation angles were made
from the oil-streak photographs and are shown in figure 5(b) as a function of angle of
attack. Vortex size remained approximately constant in width but moved inboard with

increasing angle of attack, The mean vortex angle was taken to be midway between the
attachment and separation angles,

Concentration Measurements

An example of typical helium concentration data obtained from a traverse in the y
direction is shown in figure 6 for one set of conditions: « = 6’0, 6 =12, 50, and P, =15
psia (103. 4 kN/mz). Distance above the model surface normalized by the injection ori-
fice diameter y/d is shown plotted against percent helium concentration. The intersec-
tion of a faired curve (fig. 6) with the ordinate was taken as zero percent helium. The
y/d value of this intercept is defined as the penetration. The penetration was determined
to be accurate to within at least a y/d value of +0. 25 or half the distance between the
zero and first nonzero concentration measurements,
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Crossplotting the helium profiles as y/d against 6 resulted in constant concentra-
tion contours as shown typically in figure 7. The data points on the contours were ob-
tained in crossplotting and do not necessarily correspond to measurement locations,
These points are included to indicate how much interpretation was used to construct the
contour plots. These contours represent an overall picture of the helium distribution
above the model on a cylindrical surface described by the probe arc and vertical traverses,

Angle of attack effect, - Figure 7 shows the helium concentration contours at x-
station 1 for an injection pressure of 15 psia (103. 4 kN/mz) and angles of attack of 60,
100, 120, 140, and 18°. Atall angles of attack, the highest concentration and maximum
penetration of helium were observed in a region approximately in line with the injection
orifice at an angular position of from 9° to 11°, (In line will be used to mean directly
downstream in the free-stream flow direction.) The jet contours were skewed relative to
those measured in reference 5 for a jet injected from a flat plate at o = 0°. At a= 6°
(fig. 7(a)) very little helium was picked up and spread into the vortex region, but at
a = 10° and greater (fig. 7(b) to (e)) large concentrations of helium were found carried
into the vortex. High concentrations were also found over an angular range from approx-
imately 20° to 28° at angles of attack greater than 6°. This region corresponded to the
secondary vortex and separation region discussed in reference 6 and to the location of the
- boundary-layer separation line measured from the oil-streak photographs (fig. 5). The
maximum concentration in this region increased with increasing angle of attack., From
figure 5(b) it can be seen that only for « = 6° was the jet injected outside of the vortex
flow. Thus for any appreciable increase in lateral distribution at small x/d distances,
the injection orifice should be located so that the gas is initially injected into some portion
of the vortex,
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The qualitative jet behavior at x-station 2 for P 0= 15 psia (103. 4 kN/mz) (tig. 8)
was the same as that upstream at x-station 1. The jet still was skewed to the vortex
region and more lateral distribution occurred as angle of attack was increased. The
marked change in behavior at a = 18° was due to the flow separation which occurred
(see fig. 5(a)). The penetration in the vortex region was nearly as great as that in line
with the injection orifice.

In order to make comparisons of the helium boundaries in a more understandable
fashion, the outer boundary (zero percent) contours have been extracted from figures 7
and 8 and replotted in figure 9. Figure 9(a) compares the zero percent helium boundaries
at x-station 1 with changes in angle of attack. Although there is some crossing over of

(a} x-station 1.

Normaﬁized distance above model surface, y/d

5 10 15 - 20 25 30
Anguliar position, 8, deg

(b) x-station 2,

Figure 9. - Effect of a‘ngle of attack on zero percent helium boundaries, ‘
Injection pressure, 15 psia (103, 4 kN/md),
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the boundaries, there is a distinct trend of increasing penetration with increasing angle
of attack over most of the model surface. An increased penetration in line with the in-
jection orifice might be expected from purely a momentum argument since the ratio of
jet momentum to the local free-stream momentum over the model surface increased with
increased angle of attack. The flow pattern over the delta, however, was complicated by
vortex formation and surface injection, thus making it difficult to predict the overall
penetration gain,

At x-station 2, flgure 9(b) the outer boundaries are compared at o = 10° 120,
and 14 . The a= 18 . data have:not been included because of the flow separatmn. Quali-
tatively, the penetration behavior was similar to x-station 1; however, the crossing of
the curves complicated the picture in line with the injection orifice. Most of this cross-
over can be attributed to the accuracy with which the zero concentration boundary can be
determined. If the 1- or 5-percent concentration boundaries are considered from fig-
ures 7 and 8, the penetration behaves more regularly with increasing angle of attack,

" A representation of the zero -percent helium boundary is shown to scale in an iso-
metric view (fig. 10). The model is shown at «a = 14°. The lateral spreading was 2.5
to 3 times greater than the penetration height for the zero-percent boundary. The 20-
percent helium boundary is also shown,

Effect of normalized downstream distance. - An evaluation of the change in penetra-
tion with x/d is made in figure 11, Here # positions where concentration measurements
were made have been chosen for comparison to eliminate any uncertainty due to drawing
of the contours. The straight lines drawn through the data points were assumed to be
representative of the zero boundary trajectory. Generally, there was little change in
penetration with downstream distance over the short distance measured. The trend seems
to be a decrease in penetration nearly in line with the injection orifice and an increase in
penetration with increasing x/d at the outboard locations., Thus there was indication
that, as the jet progressed downstream, the vortex pulled the jet outboard more into the
vortex region. This effect was noticed at 100, 120, and 14° angles of attack even though
the injection hole location changed relative to the vortex with a change in « (fig. 5). Thus
a small change in injection orifice location is not expected to appreciably affect these
x/d results, Again, most of the crossover in the penetration curves with x/d can be
attributed to the accuracy of the zero concentration boundary.

Injection pressure effect, - The helium concentratmn contours obtained at x-station 1
for a higher 1n3ect1on pressure of 60 psia (413.7 kN/m ) are shown in figure 12. Angles
of attack of 6° and 18° are presented. The penetration and the maximum concentratlon
measured have both increased over that measured for P =15 p~@1a (103.4 kN/m ). At
o= 6° very little helium was spread into the vortex, but at o= 18° significant helium
concentrations were measured in the secondary vortex region similar to the lower injec-
tion pressure results,

14
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Figure 11. - Change in penetration of zeé) percent helium boundary with downstream distance at various angular positions,
Injection pressure, 15 psia (103, 4 kN m?),

The zero-percent helium boundaries reconstructed from figure 12 for 60-psia

(413. 7-kN/m ) injection pressure are compared w1th the 15-psia (103. 4—kN/m2) boundar -
ies in figure 13. Comparison is made for o = 6° (fig. 13 (a)) and « = 18° (fig. 13 (b)).
At both angles of attack the penetration in line with the injection orifice approximately
doubled, but in the vortex region no significant increase in penetration was noted. The
spreading to the nonvortex side of the injector increased slightly (about 40) with the
higher pressure.

- The injection pressure effect on penetration is shown for § positions of 100, 150,
and 20° in figure 14, Again, it can be seen that at larger @ values the pressure effect on
penetration decreased, At 6 = 100, approximately in line with the injection orifice, in-
jection pressure had a greater effect on penetration than did angle of attack. Conversely,
at 6= 200, approximately the vortex position, an increase in « increased penetration,
while pressure had negligible effect. Increasing the injection pressure did not increase
the concentration of helium in the vortex region, but rather the influence was seen approx-
imately in line with the injection orifice.

Comparison With Mean Vortex Position

The location of the mean vortex above delta surface’s was predicted from a potential
solution in reference 6. A comparison of the measured penetrations with the mean vortex
positions were made in figure 15 for the various angles of attack. The measured penetra-
tion values were determined from figures 7, 8, and 12 at the vortex angles obtained from
the oil-streak photographic data of figure 5. From the limited x/d data it appeared as
though a correspondence existed between measured penetration and predicted vortex

16
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height for all angles of attack and both injection pressures. Comparison of the measured
jet boundary with the vortex position was also made in reference 4 for « = 12° and

PO = 15 psia (103.4 kN/mZ), and agreement was also found to exist over the model surface
and slightly downstream (x/d =< 20) of the trailing edge.

Relevance to Supersonic Combustion Ramjets

For an engine injector configuration, penetration and spreading of the injected jet
would only be part of the necessary considerations. Injection techniques would need to
be evaluated in terms of completeness of combustion and overall performance. To
warrant incorporation of injectors of the type used in this study the total pressure loss
and drag due to injection and injector devices would have to be offset by increased over-
all efficiency. Injector drag would be approximately proportional to az. This particu-
lar study has characterized the injected flow in the near field over a half-delta configura-
tion, which may or may not constitute a reasonable injector design. It may be possible
to vse other configurations such as swept struts at angle of attack to generate vortex flow
(ref. 4) where a major portion of the flow over the strut may be at the vortex angle. Ul-
timately, the jet distribution in the far field (x/d > 100) would be desired.

SUMMARY OF RESULTS

Concentration measurements were made downstream of the injection of a secondary
gas into a supersonic airstream from a half -delta model. Model angle of attack and in-
jection pressure were varied. Penetration of the zero percent helium boundary increased
with increasing angle of attack and injection pressure., Approximately in line with the
injection orifice, increasing injection pressure had a greater effect on penetration than
did an increase in angle of attack, Conversely, approximately at the vortex position, an
increase in angle of attack increased penetration while pressure had a negligible effect.
Greatest penetration was obtained for the higher injection pressure at the largest angle
of attack.

At angles of attack of 10° and greater, large concentrations were observed in the
vortex region. Ata 6° angle of attack, where the jet was injected outside the vortex
flow, very little helium was picked up and spread into the vortex region. This behavior
was observed at both injection pressures.

Downstream distance over the model surface had little effect on penetration. How-
ever, the trends indicated that, as the jet progressed downstream, the vortex pulled the
jet outboard more into the vortex region.
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Measured zero concentration boundaries were in agreement with the locations of the
mean vortex predicted from a potential solution,

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 24, 1969,
722-03-00-06-22,
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